 Eighty-nine percent of the abrupt 1996 extreme precipitation increase is explained by events in early fall, early summer, and late winter  Tropical cyclones account for almost half of that increase (48%), followed by fronts (25%) and extratropical cyclones (15%)  Increased extreme precipitation is associated with warmer Atlantic sea surface temperature, increased water vapor, and a wavier jet stream
Introduction
The amount of extreme precipitation (EP) has recently increased over the Northeastern United States (hereafter as Northeast), especially over the past two decades (Kunkel et al., 2013; Walsh et al., 2014; Frei et al., 2015; Huang et al., 2017) . For example, Walsh et al. (2014) reported a striking 71% increase in Northeast EP amount (99th percentile events) from 1958 to 2012. Other studies have noted a recent increase in both frequency and intensity of Northeast EP, with the higher frequency of warm-season EP events being most important, and little change in the cold season (Frei et al., 2015; Hoerling et al., 2016) . Huang et al. (2017) argue that rather than a linear change over several decades, the Northeast EP increase is best characterized by an abrupt shift in 1996. Extreme precipitation from 1996-2014 was 53% Schlesinger & Ramankutty, 1994; Kerr, 2000) , is associated with Atlantic Hurricane activity and rainfall in the US (Enfield et al., 2001; Knight et al., 2006; Zhang & Delworth, 2006) .
The AMO index shifted from a cold to warm phase around 1995 (Enfield et al., 2001; Trenberth et al., 2017) , and Curtis (2008) found an increase in Northeast EP events during the hurricane season within warm phases of the AMO. Section 3.2.1 examines, in part, whether enhanced hurricane activity associated with the shift to positive AMO conditions is responsible for a significant portion of the Northeast EP increase since 1996.
In addition to warming SSTs, over the past three decades the Arctic has warmed faster than the lower latitudes, known as Arctic amplification (AA; Screen & Simmonds, 2010; Hansen et al., 2010; Orsi et al., 2017) . AA has been hypothesized to modify atmospheric circulation patterns and influence mid-latitude extreme weather patterns (Barnes & Screen, 2015; Cohen et al., 2014; Francis & Vavrus, 2012 , 2015 Wang et al., 2017; Cohen et al., 2018) . Over the mid-latitudes of North America and the North Atlantic, Francis and Vavrus (2012, 2015) found links between AA and a weaker and higher amplitude (wavier) jet stream in most seasons since 1979, facilitating more persistent extreme weather. Thus, we also investigate in Section 3.2.2 and 3.2.3 whether a weaker or wavier jet stream contributed to the increase in Northeast EP events since 1996.
Washington, D.C., as in Walsh et al. (2014) and Huang et al. (2017) . Extreme precipitation (EP) is defined as the top 1% of wet days by precipitation amount (99th percentile wet days).
We first identify the EP event dates from 1979-2016 using station observations, and then attribute these events to different meteorological causes using daily weather maps. Next, we investigate oceanic and atmospheric fields using European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis -Interim (ERA-I; Dee et al., 2011) data, and contrast the patterns before and after 1996. ERA-I has a spectral horizontal resolution of ~79 km on 60 vertical layers with top layer at 0.1 hPa, and provides daily gridded estimates of three-dimensional and two-dimensional meteorological variables from January 1, 1979 to present (Dee et al., 2011) .
A set of 210 Global Historical Climatology Network-Daily (GHCN-D) stations is used to determine the dates of EP events in the Northeast from 1979-2016 ( Figure S1 ). GHCN-D station observations are provided by the National Centers for Environmental Information (NCEI) at the National Oceanic and Atmospheric Administration (NOAA; Menne et al., 2012a Menne et al., , 2012b . The 210 stations were selected by setting a precipitation completeness threshold of at least 95% complete records in each year, and 90% of the overall years available from 1979-2016 (i.e., at least 34 out of 38 years).
October contribute the most to the annual EP shift, followed by July and June, with significant (p<0.05) monthly increases found in September and July. While less important to the annual EP shift, winter months, especially March, experienced large relative increases in EP and are of unique interest due to the damage caused by winter storms in the Northeast (Kossin et al., 2017; Horton et al., 2014) . We therefore focus our study on three two-month periods: early fall (September and October), early summer (June and July), and late winter (February and March).
To explore potential drivers of the Northeast EP shift, we first identify EP events. Based on the 99th percentile precipitation threshold for each station, we find 2709 days in total that experienced daily EP events from 1979-2016 over the Northeast. Forty-two percent of the daily events occurred at only one station, while the rest were observed at multiple stations.
The 605 event days in all months that affected at least five stations on the same day account for 68% of the total EP amount from 1979-2016 and 93% of the abrupt annual EP increase across 1996 (Table 2 ). The 363 event days in the three two-month periods (Table S3) account for 43% of the EP total amount, and are responsible for 89% of the abrupt annual EP increase across 1996 (Table 2) . Thus, to increase the feasibility of the study, we focus on the 363 EP event days that affected at least five stations in the three two-month periods. However, some EP events persist longer than 24 hours and their associated precipitation regions change with the moving weather system over two or more days based on U.S. daily weather maps (NOAA Central Library, 2017) . Therefore, the 363 EP event days represent a total of 273 unique EP events for the three two-month periods.
Next, each unique extreme event is assigned to one of four categories -tropical cyclone, front, extratropical cyclone, and other -using EP stations and weather maps. To classify extreme events, we use a hierarchy similar to Kunkel et al. (2012) . First, EP events are classified as "tropical cyclones" (TCs) if they are found near a strong low pressure system that was a TC listed in the National Hurricane Center's Atlantic hurricane database (HURDAT2; Landsea & Franklin, 2013; NOAA National Hurricane Center, 2017) . Second, EP events are classified as "fronts" if the area of maximum precipitation parallels a front (is perpendicular to the temperature gradient). Third, events are classified as "extratropical cyclones" (ETCs) if they are found close to a low pressure center but precipitation is not parallel to a front. When EP events were caused by several categories and distributed across the Northeast, we attributed the event to the category causing EP at more stations. For a very small number of difficult classifications, we used radar composites archived by the University Corporation for Atmospheric Research (UCAR) and available since 1996 (UCAR, 2017) to help determine the dominant cause of the event. We attribute only two events to a meteorological cause other than TCs, fronts, and ETCs. Both occurred in June-July, one before 1996 and the other after 1996. We do not examine these two events directly, but they are included in June-July total EP statistics (Tables 1 & 2 Annual total EP amount is computed by summing the total EP amount falling on all event days and over all stations for each meteorological cause and 2-month period, and dividing by 210 stations (unit: mm yr -1 station -1 , Figure 1 and Table S1 ). EP event frequency is calculated by summing the number of EP events for each meteorological cause and 2-month period and dividing by the number of years in the period of interest (unit: number of events per year, Figure 3 & Table S2 ). The changes in EP amount and event frequency are calculated across the 1996 changepoint (1996 -2016 relative to 1979 -1995 . To assess whether the differences in EP amount and event frequency and meteorological fields are significant between the two periods (1996-2016 vs. 1979-1995) , we conducted the Mann-Whitney U test (Mann & Whitney, 1947) for these variables, while a bootstrapping technique (Efron & Tibshirani, 1986 ) is also used to estimate confidence intervals for the differences in EP amount and event frequency (Figures 1 & 3) .
Finally, to examine the relationships between EP and large-scale oceanic and atmospheric conditions, we analyzed composite meteorological fields during EP events from ERA-I (Dee et al., 2011; ECMWF, 2017) , including geopotential height at 500 hPa, sea level pressure, zonal and meridional component winds at 500 hPa and 250 hPa, surface temperature at 2 m, vertically integrated water vapor flux, total column water vapor, and vertical velocity at 500
hPa. Specifically, we evaluated two anomaly maps and two difference maps for every climate variable in each two-month period. The anomaly maps show the average anomaly during EP events compared to the average over the entire time period, with separate maps for averaged 1996 -2016 and EP events averaged 1979 -1995 ), while the other shows the average differences for all days between 1996 -2016 and 1979 -1995 ): (1996−2016 ) = 1996−2016 − (1996−2016 ) (1) (1979−1995) = 1979−1995 − (1979−1995) (2) 1996−2016 − (1979−1995) (3) 1996−2016 − (1979−1995) 
=

where X refers to a climate variable (e.g., 2 m temperature, 500 hPa geopotential heights, 250
hPa winds), m is the average of all days in a two-month period, d is the average of EP days in the same two-month period, and Anom and Diff are abbreviations for anomaly and difference, respectively.
Results
We investigate the causes of the abrupt increase in Northeast annual EP across the 1996 changepoint identified in Huang et al. (2017) each category before and after 1996. Finally, we explore the large-scale oceanic and atmospheric drivers of these events using a series of meteorological variable composite maps. Figure 2 shows that TCs were responsible for almost half (48%) of the total EP increase for all events across the 1996 changepoint; 41% from early fall TCs and 8% from early summer TCs. We were unable to calculate a percent increase for early summer TCs because there was no TC EP event in June and July from 1979-1995. Fronts contributed 25% of the EP increase since 1996, with most of the increase occurring in early fall (17%), followed by early summer (6%). ETCs contributed 15% of the EP increase across 1996, and are the most important contribution to the increase in late winter EP.
Classification of Extreme Events by Meteorological Cause
While Figures 1 and 2 describe the changes in EP amount across the 1996 changepoint, Figure 3 investigates the changes in EP event frequency. Overall, fronts are the primary cause (11%). Nevertheless, the striking increase in all EP event frequency (52%, p<0.01) is primarily driven by TCs (289%, p<0.05) followed by ETCs (72%, p<0.05), though frontal EP event frequency also experienced a slight increase (26%, 90% confidence level). Looking closer into each period and event category, the largest changes are the increases in the frequency of early fall TC EP events (224%, p<0.05), as well as ETC EP events in early summer (108%, p<0.1) and frontal EP events in late winter (170%, 90% confidence level).
Frontal EP in early summer and ETC EP in late winter, the primary contributors of EP amount in each period, increased by 9% and 42% in frequency, respectively.
Large-scale Circulation Drivers of Extreme Events
For each two-month period, we focus on the meteorological cause that contributes the most EP ( Figure 1 ) -TCs for early fall (September-October), fronts for early summer (June-July),
and ETCs for late winter (February-March), which are also leading contributors to the 1996 changepoint ( Figure 2 ).
Early Fall Tropical Cyclones
The Northeast experienced a 356% increase (p<0.05) in TC-induced EP in early fall across the 1996 changepoint associated with a 224% increase (p<0.05) in TC EP event frequency To investigate whether the correlation between the number of hurricanes traversing the blue box in Figure 4a and Northeast extreme precipitation exists over a longer time period, and in particular during the previous positive AMO phase , we extend the analysis back to 1928 using HURDAT2 and extreme precipitation from Huang et al. (2017) . We note that Changes in atmospheric circulation may have contributed to the increase in TC EP over the Northeast after 1996. Prevailing winds at the 500 hPa level have been shown to steer TCs, accounting for up to 80% of the variability in Atlantic TC movement (Chan, 2005; Neumann, 1979) . Figure 5c shows that the 500 hPa westerly steering winds over the Northeast slowed by 5-6 m s -1 on EP days after 1996. Westerlies over the Northeast have weakened on all days by a comparable amount since 1996 (Figure 5d ), consistent with Francis and Vavrus (2012 Vavrus ( , 2015 . Weaker zonal flow over the Northeast would be expected to reduce the speed at which
TCs traverse the region, potentially increasing the amount of precipitation associated with the TCs in the Northeast after 1996 (Kossin, 2018). However, while the average translation speeds of the 25 TCs that caused EP events indeed decreased from 53.7 km h -1 before 1996 to 37.2 km h -1 after 1996, the decrease is not statistically significant ( Figure S2 ).
Early Summer Cold Fronts
Averaged over the Northeast, there has been a 35% increase in frontal EP in early summer, associated with a 9% increase in EP event frequency since 1996 (Figures 1 & 3) . On EP days in early summer both before and after 1996, southerly winds dominate in the Northeast while northerly winds dominate in the Central US and western Atlantic (Figures 6a and b) . This pattern is enhanced after 1996 (Figures 6c and d ). There is a significant increase in southerly V250 winds over eastern Canada and just outside the Northeast region on EP days, a significant increase in northerly V250 winds centered along the Gulf of Mexico coast on EP days, and a significant increase in northerly V250 winds in the Central US on all days (Figures 6c and d) . These changes suggest that the jet stream has become more meridional (wavier) during summertime EP events and all days after 1996, advecting cooler Canadian air masses into eastern U.S. and potentially contributing to more frontal and ETC EP events.
Late Winter Extratropical Cyclones
Late winter EP from ETCs increased 96% over the Northeast, associated with a 42% increase in the frequency of ETC EP events (Figures 1 & 3) . We note that late winter overall has substantially less EP than early summer and early fall (Table 1) , and while on a percentage basis the late winter EP increase is large, it is not statistically significant and has contributed less to the increase in EP after 1996 than early summer and early fall (Table 2 and Figure 2 ).
Upper-level winds affect the formation, development, and movement of midlatitude cyclones.
On Northeast ETC EP days in late winter, a characteristic jet stream (250 hPa level) wave pattern is apparent with northerly flow over the central U.S. and western Atlantic Ocean, and southerly flow over the Northeast (Figures 7a and b) . Figure 7c suggests that this pattern has intensified since 1996, though changes are not statistically significant. Similar to V250 winds in early summer, this is again indicative of a wavier jet stream, which could contribute to cyclogenesis in the southeast U.S. and ultimately more frequent ETC EP events and ETC EP in the Northeast. The enhanced meridional flow after 1996 is associated with weaker westerly flow at 250 hPa ( Figure 7d ) and 500 hPa (not shown). As with TC EP events, slower steering enhance late winter ETC EP.
Discussion
Extreme Precipitation Event Classification
Although tropical cyclones are overall the least frequent cause of Northeast EP (Figure 3 ),
We find that the increase in tropical cyclone EP events accounts for almost half (41% in early fall and 8% in early summer; Figure 2 ) of the 1996 abrupt increase in EP amount, representing the dominant mechanism driving the recent EP increases in the Northeast. This is associated with a substantial increase in the frequency of EP events from TCs in early summer and early fall, from 0.3 event/yr during 1979-1995 to 1.1 events/yr during 1996-2016 (Table S2) Relative to other EP event causes, TCs generally occur at a larger scale and are therefore favored in our methodology. We note that the 273 events analyzed in this study (affected 5 or more stations on EP days) account for 89% of the abrupt increase (Figure 2 ) from all EP events ( Table 2) , and that classifying all EP events with our methodology would have been time prohibitive.
In contrast with early fall, we find a much smaller contribution (8%) to the annual 1996 EP Nevertheless, we emphasize that the increase in early fall EP (19.2 mm yr -1 ) after 1996 is three times larger than the increase in early summer EP (6.2 mm yr -1 ). Therefore early fall is the largest seasonal contributor to the annual EP increase across the 1996 changepoint in our analysis (Table 2 ).
Other studies investigating Northeast EP found recent increases in EP event frequency consistent with our results, although they did not classify extreme events by meteorological and early fall, we find a larger increase (49%) in EP event frequency than Frei et al. (2015) and highlight that the frequency increase in early fall (71%) is double the frequency increase of early summer (31%; Figure 3 & Table S2 ). However, the differences between our findings and those of Frei et al. (2015) can likely be attributed to our narrower focus on the months that experienced the largest increases in EP (Table 1) .
Atlantic Multidecadal Oscillation and Extreme Precipitation Events
We find that TCs are the largest driver (48%) of the 1996 shift in Northeast EP (Figure 2 datasets indicates that September-October SSTs and total precipitable water were nearly identical in the greater Northeast U.S. region during the two AMO warm phases (1928-1962 & 1996-present) . However, in the tropical Atlantic TC MDR, SSTs and total column water vapor were significantly higher during the modern AMO warm phase, representing long-term positive trends over the 20th century (p<0.05; Figure S3 ). We hypothesize that these 
Arctic Warming and Extreme Precipitation Events
We generally find that zonal (meridional) flow in the middle-upper troposphere was diminished (enhanced) during EP events in all three two-month periods after 1996, which suggests that changes in atmospheric circulation played a role in the post-1996 EP increase.
In early summer, stronger northerly 250 hPa meridional winds likely increased the advection of cool Canadian air into the Midwest, potentially generating more frontal EP and EP events across the Northeast. This finding is consistent with Francis and Vavrus (2012 Vavrus ( , 2015 , who identified weakened zonal winds and a corresponding increase in jet stream waviness over recent years (Vavrus et al., 2017) . However, while Screen and Simmonds (2013) also found an increased meridional amplitude in planetary waves over North America and the Atlantic, and a poleward shifted jet stream, the changes were not significant in their analysis.
We find a similar pattern of stronger meridional flow at 250 hPa in late winter (Figure 7c ).
While the change is not statistically significant in our analysis, Cohen et al. (2018) show that increased waviness in the jet stream is linked to more frequent heavy snowfall events in the Northeast since 1990, especially in middle to late winter. This is consistent with our finding that total late winter EP event frequency significantly increased after 1996 (Figure 3 ).
Increasing jet stream waviness has been attributed to Arctic amplification (AA), or the faster warming of the Arctic relative to the tropics (Francis and Vavrus, 2012 Vavrus, , 2015 Cohen et al., 2018) . While some climate model simulations with reduced sea ice and AA demonstrate similar changes in the jet stream, different models produce variable solutions (Barnes and Screen, 2015) . Thus, while AA and a concurrent increase in mid-latitude EP are both clear in the instrumental record, the mechanisms by which they are causally connected, if any, remain debated in the literature (Cohen et al., 2014; Barnes and Screen, 2015) .
Conclusions
Motivated by the 1996 abrupt increase in Northeast extreme precipitation (EP), we explore the meteorological causes and changes in oceanic and atmospheric conditions associated with this substantial shift. We find that 89% of the 1996 EP increase is explained by 273 unique extreme events in six months, with 61% of the EP increase in September-October. Tropical cyclones (TCs) are the primary driver of the Northeast EP increase, accounting for almost half (48%) of the 1996 shift. TC EP events were 3.9 times more frequent in the Northeast after 1996 (compared to 1979-1995) , associated with a remarkable and statistically significant (p<0.05) 425% increase in EP amount.
We attribute the timing and abruptness of the 1996 Northeast EP increase to the contemporaneous shift to the AMO positive phase, with higher SSTs and atmospheric water vapor content fueling the large increase in TC activity and EP across the Northeast. However, TCs during the previous AMO warm phase produced less EP in the Northeast than TCs during the current AMO warm phase, despite the same hurricane frequency in the Northeast over both intervals. We hypothesize that higher SSTs and total precipitable water in the Atlantic hurricane MDR contributed to the higher efficiency of TCs in producing EP events during the present AMO warm phase.
More frequent EP events from fronts and extratropical cyclones also contribute to the recent rise in Northeast EP, respectively representing 25% and 15% of the post-1996 annual EP increase. Compared to the 1979-1995 period, EP events from fronts and extratropical cyclones were 1.3 and 1.7 times more frequent after 1996, associated with a 66 and 76% increase in EP amount from these systems, respectively. The observed wavier jet stream, associated with weaker westerlies, potentially contributes to higher frontal EP in the Northeast after 1996. Weaker upper-level steering winds during extratropical and tropical cyclones may also contribute to the higher EP, although the 30% slowdown of TCs producing EP events is not statistically significant.
In summary, our analysis indicates that the 1996 abrupt increase in Northeast EP is associated with more frequent tropical cyclone, frontal, and extratropical cyclone EP events, with the largest contribution from early fall TCs. Future changes in Northeast EP will therefore likely depend on the response of Atlantic hurricane activity and upper tropospheric atmospheric circulation to anthropogenic forcing. 1996-2016 vs. 1979-1995) are significantly different at the 0.05 and 0.1 level using the Mann-Whitney U test, respectively.
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